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ABSTRACT 
 
Formation flying missions are now at the forefront of new flight qualified space technologies, an example being 
the precise propulsion systems like that flown on the PRISMA mission. One such mission concept designed by 
Surrey Space Centre is to perform on-orbit visual inspection of a solar sail which aims to demonstrate and 
validate a new imaging system and a micro chemical propulsion system (μCPS) currently under development by 
a consortium led by Astrium GmbH. Applications of this new utility can be utilized towards redundant satellite 
systems, cluster-based sensor networks, rendezvous and docking operations, and visual inspection missions. A 
model of the solar sail is developed from the classical catenary, whose shape is typically defined by 
gravitational forces. This method however can be applied to estimate the ‘billowing’ in the solar sail and the 
resultant net thrust from combined solar radiation pressure and atmospheric drag forces. Furthermore, by 
investigating the light reflection patterns returned from the solar sail as a function of the sail surface, the 
accurate estimation of the solar sail shape can be achieved. 
 
As sunlight is reflected from the sail, it is important to understand how the Sun angle affects potential 
observation points in an orbit. Results for various Sun angles in an inertially-fixed solar sail case-study are 
presented to find that there are 2 key opportunities for imaging: i) looking at the micro-structure, i.e. shape and 
attitude, and ii) the macro-structure, i.e. the grazing Sun incidence angles for the sail surface. At these points, 
the sail shape, attitude, and surface structure can be learnt. A recent example of such a mission is the Japanese 
Space Agency (JAXA) Ikaros solar sail mission and, together with a deployed satellite, DCAM2, obtained 
imagery to confirm full deployment of the solar sail. In this imagery, it can be clearly seen when DCAM2 enters 
the focal point of the sail and the camera is completely saturated with light and little information, other than 
sail shape, can be made out. Using our simulations and models, a billow of 31.3 cm was estimated for this 
mission. 
 
This paper proposes the solar sail inspection mission parameters, introduces the new light reflection model and 
methodology for solar sails, and the formation flying experiment of potential observation points in a 2-1 safety 
ellipse around the solar sail target using the μCPS. 
1. BACKGROUND 
Since solar pressure was demonstrated by Maxwell in 1873, the concept of solar sailing has been explored in 
both science fiction reading and technical literature. Futuristic sail configurations and practical designs have 
been presented in many research efforts, most notably brought together by McInnes [1], and address many of 
the key issues in solar sail orbit and attitude control dynamics, maximizing the performance of the sail for either 
i) solar radiation pressure, and ii) atmospheric drag applications towards viable de-orbiting technologies [2].  
 
Extended solar sail modeling in literature also investigates the dynamics of the solar sail: centre of pressure, 
mass, forces, moments, etc [1] [3]. These models aim to understand the, so far, unknown phenomena of solar 
sails in space through validating or comparing numerical and analytic dynamical models with more recent solar 
sail missions. As these designs mature, much new research is investigating how to best image the solar sail to 
confirm and assess deployment. This section investigates the existing techniques and research problems 
associated with imaging a solar sail. 
 
Photogrammetry and videogrammetry using multiple cameras is a common method and has been presented by 
Jenkins et al in [4]. They highlight several issues related to ensuring high-precision and 3D reconstruction of the 
sail including: no. of cameras, synchronization, lighting conditions, camera/lens characteristics, stability, and 
data analysis procedures (to name a few). They mention very specifically the need to cater for glare and glint, 
where even a “suitably tensioned” sail will have local curvature which results in high intensity specular 
reflections which impedes image processing of the sail. This glare will saturate affects pixels on the imager 
array and be 60,000 times brighter than a diffuse-white photogrammetry test. The glint however, defined by fold 
lines and natural creasing of materials, is variable across the sail and up to 3,000,000 times brighter than diffuse 
white tests. Glare and glint can lead to potential sensor damage, loss of imaging opportunity, and difficulty of 
targeting. Jenkins et al’s paper was funded by NASA to develop the Optical Diagnostic System (ODS) payload 
attachment together with AEC-ABLE and L’Garde to assess sail deployment and dynamics through 
photogrammetry on orbit and the ground [5]. They highlight two types of deformation: wrinkles which are out-
 
of-plane elastic deformations, and creases which are out-of-plane inelastic deformations. Wrinkles materialize 
has sinusoid waves whilst creases form sharp cusps. These are all important points to consider when imaging 
the sail. 
 
Ground test images of the sail after deployment do give representative imagery of the overall sail shape, but this 
cannot be confirmed in space given that the gravity force causing the billow is far greater on Earth than from 
solar radiation pressure (SRP) and atmospheric drag forces in space. The glinting effect is also minimized due to 
the larger billow. There are however several notable missions with deployable structures or sails: Znamya-2 [6], 
Ikaros [7], and Nanosail-D [8]. The Znamya missions launched were attempts to investigate solar sail 
propulsion but were reassigned to function as solar mirrors. Images of Znamya-2 are shown in Fig. 1.   
 
 
 
Fig. 1: Images of 20 m Znamya-2 from Mir 
 
JAXA’s recent Ikaros solar sail mission released video images of the deployment [9]. It can be seen that the 
reflected light is enough to estimate the sail shape and attitude but the images immediately saturate from bright 
glaring as it enters the focal area of the sail at approx. frame 20, shown in Fig. 2.  
 
 
 
Fig. 2: Ikaros entering the Focal Area at Frame 20 
 
These images were taken by DCAM2, one of two deployed cylindrical picosatellites to image the 1.1 rpm 
spinning sail deployment and their batteries were aimed to operate for 15 minutes. Nanosail-D does not have 
any on-orbit imagery, but ground observation, reported by an active Twitter community, shows the tumbling of 
the sail from incorrect deployment [10] [11], also shown in Fig. 3. 
 
 
 
Fig. 3: Nanosail-D Video Sequence & High Resolution Imagery [10] [11] 
 
2. DEMOSTRATION MISSION ARCHITECTURE: INSPECTORSAT 
The background literature thus far has highlighted several imager needs to ensure glaring and glinting do not 
impede sail imaging. These problems are also confirmed, primarily from Ikaros, and there is need for accurate 
modeling of the sail to investigate feasible multiple imaging opportunities. To ensure there are multiple imaging 
 
opportunities, a new mission architecture is proposed where an ‘InspectorSat’ maintains close relative motion 
using Hills-Clohessy-Wiltshire (HCW) equations [12]. Table 1 outlines the broad mission goals and objectives. 
 
Table 1: Mission Statement & Objectives 
 
Mission 
Statement 
To perform on-orbit visual inspection of a solar sail to demonstrate the utility of a micro 
chemical propulsion system (μCPS) & embedded hardware system in a combined 
technology payload for a 6-month period. 
Primary 
Objectives 
Demonstrate MEMS thruster capabilities:                                                                                 
1) Orbit Maintenance                                                                                                                 
2) Perturbation Mitigation                                                                                                          
3) Formation Flying                                                                                                                   
4) Attitude Control 
Secondary 
Objectives 
Visually capture the deployment & on-orbit inspection                                                   
Characterize solar radiation pressure (SRP) & drag differences through visual inspection. 
 
At the time of writing this paper, the solar sail satellite called Vimpel LSSC is being used as a valid target to 
perform orbital maneuvers around and visually capture the solar sail deployment and further characterize the 
SRP and drag environment through visual inspection. Table 2 overviews the assumptions made on the target 
satellite and mission requirements for the inspector satellite. The mission concept overview is shown in Fig. 4. 
 
      Table 2: Target Satellite & Inspector Satellite Details 
 
Target 
Satellite 
(Vimpel) 
Orbit: Sun Synchronous (12/12) at 1000 km        
Attitude: Inertially fixed at the Sun                       
Mass: 15 kg                                                           
Solar Sail Size: 10 x 10 m (100 m2)                      
Communication: None (passive target) 
Inspector 
Satellite 
Orbit: Sun Synchronous (12/12) at 1000 km        
Attitude: Pointing away from the Sun                   
Mass: 50 kg                                                           
Relative Distance: 1-3 km using natural orbit 
dynamics & MEMS thruster                        
Imager: Active light-filter required to prevent 
Sunlight damage to the CCD array 
 
From the assumptions in Table 2, the Sun synchronous orbit from noon to midnight will allow the solar sail 
satellite (target) to be in the Sun’s view for ½ the orbit whilst the inspector satellite is in a similar orbit to 
maintain a relative distance of 1-3 km. The drag force at altitudes under 800 km are of a magnitude greater than 
solar radiation pressure which means that the majority of μCPS propellant mass will be used for drag 
compensation. Therefore, an altitude of 1000 km (or above) is proposed to overcome the large drag forces in 
comparison with solar radiation pressure forces and a reduction in propellant mass requirements whilst still 
maintaining mission utility. 
 
To visually capture the target, the inspector satellite must always be pointing at the target satellite when the sail 
is lit and when the Sun does not directly face the imager leading to damage. Another key point in the orbit is 
when the target satellite approaches the equator at which time the sail is rotating towards the Sun, appearing 
almost flat from to the inspector satellite. At this point the imager must be disabled to prevent damage, but using 
the thruster to investigate the grazing incidence angle of the Sun on the sail at this point in the orbit will provide 
further inspection of the sail’s macro-structure. An alternative to this is where the sail is inertially fixed towards 
the Sun. By utilizing natural orbit dynamics to achieve an orbit where the imager is always imaging a facing 
sunlit solar sail, the μCPS will be crucial in: 
 Inspection manoeuvres for solar sail deployment 
 Maintaining a safety ellipse to characterise differential drag & solar radiation pressure 
 Station keeping to identify focal length for solar sail reflectance 
 
To simulate this mission, a Cowell propagator is used to add in perturbing accelerations. Two new models are 
used namely NASA’s NRLMSISE-00 atmosphere model [13] and a new solar radiation pressure model by 
McMahon [14]. Adding the NASA atmosphere model allows solar activity to be added to the simulation with 
much higher precision on drag forces acting on the sail. A good example of this is shown in Fig. 5, where the 
Fig. 4: Mission Concept Overview 
 
semi-major axis, a, of the solar sail is compared with typical solar average values for solar and magnetic flux 
states for is compared to recent solar states. At solar maximum the sail de-orbits in 13 days.  
 
 
Fig. 5: Semi-major axis difference for a) average (left) and b) March 2011 (right) solar and magnetic flux states 
 
The NRLMSISE model was released in 2001 and has a superior fit for summer/winter seasons but also accounts 
for anomalous oxygen which affects the density and therefore the drag. Investigating McMahon’s new solar 
radiation pressure model allows us to calculate the force applied on each Sun-facing facet calculated by Eq. (1). 
 
 ࢌ௜ ൌ െሾሼߩ௜ݏ௜ሺ2࢔ሬറ௜࢔ሬറ௜ െ ܫሻ ൅ ܫሽ ∙ ࢛ሬറ	࢛ሬറ ∙ ࢔ሬറ௜ ൅ ܽଶ௜࢔ሬറ௜࢔ሬറ௜ ∙ ࢛ሬറሿܪ௜ሺ࢛ሬറሻܣ௜ (1) 
Where ܽଶ௜ is: 
 ܽଶ௜ ൌ ܤሺ1 െ ݏ௜ߩ௜ሻ (2) 
Where ݅ is the index for each satellite surface or facet, ࢔ሬറ௜ is the surface normal unit vector, ܣ௜ is the surface 
area, ݏ௜ and ߩ௜ are the specular and diffuse reflectivity coefficients respectively, ܤ is the Lambertian scattering 
coefficient of the surface (ideal 2/3), ࢛ሬറ is the Sun unit vector, ܫ is an identity matrix, and ܪ௜ሺ࢛ሬറሻ is the visibility 
function (1 when the Sun is above the horizon, 0 if not). 
 
As we can now compute the SRP forces for each surface facet, McMahon then goes on to investigate attitude of 
a satellite in a rotating frame and further periodic rotations. These models are added to the Cowell propagator 
for further simulation towards thruster requirements but for this paper however, a 2-1 safety ellipse is assumed 
with fixed attitudes: sail intertially fixed towards the Sun, InpsectorSat intertially fixed at the solar sail.  
3. SOLAR SAIL MODELLING 
To take images of the solar sail, an investigation into the solar sail billowing effect is required to find the focal 
length and ideal point at which to take images – where the light is sufficient to detect differences between the 
target satellite’s distance and attitude and avoid high intensity light areas. The general shape of the solar sail 
with solar radiation pressure on the sail is analogous to a catenary described typically by Earth’s gravity on the 
curve where both shapes are defined by a uniform force exerted across the shape. The catenary shape is 
described as: 
 
 ݕ ൌ ଵ௔ ሾcoshሺܽݔሻ െ 1ሿ (3) 
As photons come to the sail, the light is reflected at the same incidence angle, i. To find this reflected angle, the 
tangent of the curve is taken from a given point, P = (x, y). The tangent angle, θ1, at P is drawn out as a unit 
vector e1, vector e2 is drawn at 90° to e1, and the reflected light vector e3 and reflected light angle θ2 is shown 
in Fig. 6. 
 
Fig. 6: Visual Representation of the Catenary and Reflected Light Angles 
 
The tangent vector of the curve of e1 is found as: 
 
 
 ௗ௬ௗ௦ ൌ sinh	ሺܽݔሻ (4) 
And the reflected light vector, e3 is found as: 
 
 ݁3 ൌ െ݅ cos ቀగଶ െ 2ߠቁ ൅ ݆ sin ቀ
గ
ଶ െ 2ߠቁ (5) 
Using Eq. (3-5), the focal length can be estimated as shown in Fig. 7. In this 2D model, the shape of the curve 
(blue) is used along with 20 incoming light beams which reflect to a focal point at a distance of 127 cm. Notice 
here that there is no exact focal point, as would be found in a parabola shape, but a caustic light culmination. 
 
 
Fig. 7: Catenary Modeling of the Focal Length in 2D  
 
From these catenary shapes, a focal area is found which is measured on the maximum billow size, shown in Fig. 
8. for any given distance between 500 m and 30 km. The caustic effects and potential light intensities at varying 
ranges in the focal areas found if the focal length becomes very small. This could occur if there is incorrect 
deployment, impact, or tearing of the sail once deployed causing the sail to become increasingly slack. The 
zoomed billow effect in Fig. 8 b) shows that minor changes in the sail during the orbit will alter the focal length 
significantly. For example, a very small billow of 1 mm gives a focal length of 500 m and an even smaller 
billow of 0.2 mm gives a 3 km focal length. 
 
 
Fig. 8: Focal Length vs Billow Size between a) 5-30 km & b) 0.5-3 km 
 
If this technique were applied to Ikaros and DCAM2, the sail billow can be estimated. Assuming a 65° field-of-
view, Ikaros is approx. 9.21 m away from DCAM2 at the first frame. But after 20 frames, entering the focal 
area, the distance is 18.42 m. If the DCAM2 video images each frame at 40 fps, the relative speed between 
Ikaros and DCAM2 was approx. 18.42 m/s and at a focal length of 18.42 m, the billow is calculated to be 31.3 
cm as the satellite passes through the focal area. Given that the Ikaros solar sail is now spin stabilized at 1.4 rpm 
without the use of booms to keep the sail area taut, a billow size of this magnitude is highly probable.  
 
From here, a 3-dimensional model can be built to observe the generalized square solar sail shape. Adding 
stowed fold marks and material effects, physically represented by wrinkles and creases, can then be added using 
a number of directed waves; shown in Fig. 9. using a Fourier-series saw tooth wave. 
 
  
 
Fig. 9: Generated Solar Sail Model with Major Fold Lines (low & high elevation light angle) 
 
The equation for the sawtooth wave is found in Eq (6): 
 
 ݂ሺݔ, ݇ሻ ൌ ଼గమ ∑ sinሺെxଵkଵ െ xଶkଶሻஶ௡ୀଵ  (6) 
Where k is a rotated plane-wave direction vector and frequency. The full code can be found in Appendix 1. By 
rotating either the catenary or major fold function, a number of sail patterns can be generated. Using Matlab’s 
in-built functions for lighting, various lighting effects can be achieved, including: light source location and 
intensity (infinite), material coefficients (ambient, diffuse, and specular coefficients), camera location and 
projection, and camera field of view. 
4. INSPECTION OPPORTUNITY 
To investigate the inspection opportunity of the sail, ray tracing of reflected sunlight is performed on the new 
solar sail model. Using light energy of 1370 W/m2, each ray can be divided into representative quantities and 
their reflected signature can be traced and followed to investigate light intensities at varying distances. This is 
shown for a 4-quadrant sail (heavily billowed) in Fig. 10. 
 
 
 
Fig. 10: Light Energy Levels for a Solar Sail (divided into 20 W bands up to 120 m) 
 
This technique can then be used to investigate differing light reflection effects of: 
 Billow sizes – fully deployed fixed-boom sail, partial deployment of sail or booms 
 Folding patterns – sine, tan, sawtooth functions at varying heights and frequencies 
 Material properties – aluminium, mylar, teflon light coefficients and elasticity characteristics 
 
Investigating the complete model, shown in Fig. 11, at varying billow sizes reveals grazing incidence reflection 
opportunities from fold line reflections as predicted in the abstract. 
  
Fig. 11: Light energy for varying billow sizes where a = 2e-2, 3e-2, 4e-2, and 5e-2 (60 to +100 W) 
 
These results are also confirmed in Matlab generated video sequences, shown in Fig. 12, where the inspector 
satellite is orbiting in a 2-1 ellipse about the sail target. The light is fixed coming directly into the sail, -X in the 
HCW frame, and with no additional attitude rotations. The major fold lines are set to 5% of the sail billow, with 
a 1% random creasing across the sail surface. 
 
 
 
Fig. 12: Matlab Generated Light Reflections at 2, 4, and 16° elevation where a = 5e-2 
 
The new fold line reflections shown here in the ray-tracing and Matlab sequences highlight new imaging 
opportunities not only in the direct Sunlight focal point of the reflections, which can be used to estimate shape 
and attitude, but also in side lobes where the macro-structure of the sail can be investigated at lower light 
intensity. At the focal points, the light intensity will be too high and maneuvers are necessary to move to a safer 
viewing area where there is enough light to take images but also prevent saturation and damage to the imager. 
5. CONCLUSION 
Solar sails are now being launched and their physical deployments and dynamics are beginning to be tested to 
find out their capabilities. To confirm deployment and investigate the sail further, new research is investigating 
imaging the sail and acknowledges real challenges in glint and glare reflections from the sail itself. To better 
understand these problems, a new method to create the solar sail model is developed based on the catenary and 
plane-wave Fourier series functions to generate creases and wrinkles due to major fold lines and material 
characteristics. Using this new model, a number of shapes and patterns can be created and tested using ray-
tracing simulations to identify light energy levels at various locations. As predicted, specular reflections were 
found that were not just at the high intensity focal point but also in side lobe reflections from a combination of 
sail billowing and fold lines from the stowed sail. Given that there was no relative attitude or range control 
between Ikaros and DCAM2, an inspector satellite with a thruster mission is proposed to improve of these 
visual inspection results further for relative range and attitudes, and the sail surface itself. 
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